ABSTRACT
INTRODUCTION
The human genome has been described as exon islands in a vast sea of introns. While it is known that introns do not have a coding function, their role, if any, has not been determined. A graphical representation of exon and intron size patterns within human genes reveals a striking difference in the populations of nucleotide chain lengths. Due to the size and complexity of human genes, it has not been possible in the past to determine whether common exon-intron size patterns exist among different genes by visual inspection. To compare the exon-intron patterns across different genes, the length of the exons and introns was represented as integers. This abstraction allowed an automated comparison of structural patterns while ignoring the underlying nucleotide sequence. We have discovered statistically significant exon-intron associations that suggest a common origin and/or function across multiple, unrelated genes. * To whom correspondence should be addressed. ABCA1  ABCD4  DIA1  NQ01  ABCA2  ABCE1  DPAGT1  NPHP1  ABCB1  ABCF2  ELL2  MAP1B  ABCB2  ABCG1  EML2  MINK  ABCB3(TAP2)  ABCG2  EPO  MITF  ABCB4  ACR  FAH  PLAGL2  ABCB9  ADA  GAP43  REV3L  ABCB10  AGR2  GAPCENA  RPA2  ABCB11  AP3S2  GAPD  SPINK2  ABCC1  AVPR2  GAPDS  TIN-AB  ABCC2  BAIAP1  GAPL(CAPRI)  TITF1  ABCC3  BAIAP3  GCMB  TOPBP1  ABCC4  C3  HIRA  TOP1  ABCC5  CD4  HIRIP4  TOP2B  ABCC6  CD86  HS747E2A  TOP3A  ABCC8  CHPT1  JAK3  TOP3B  ABCD1  CLCN5  LCAT  TRF4  ABCD3 CTDP1 NOV UBE2A
METHODS
The exon-intron structure of 72 human genes (Table 1) was obtained from AceView (http://www.ncbi.nlm.nih.gov/ AceView/), an NCBI database. The length, in nucleotides, for each exon or intron was alternately entered as an element of an array representing the structure of that gene. The arrays were indexed such that the first element was designated '0', the second element as '1', etc. This scheme resulted in the exons residing in the evennumbered elements of the array (starting at '0') and the introns residing in the odd-numbered elements of the array (starting at '1'). The array representing the exon-intron structure of the human ABCB3 gene is presented in Figure 1 . Pairwise comparisons of genes were made by comparing the length of each element (exon or intron) in the first gene with every element in the second gene. The degree of similarity (as percentage of length) was stored in a matrix. Each element of the matrix was compared with a stringency parameter (99% similarity of length between the two elements of the arrays). When an element met the stringency requirement, a diagonal search for additional matching elements was begun. or more diagonally adjacent elements in the matrix met the stringency requirement, the discovered pattern was stored in a database for further analysis. As an example of this methodology, a portion of the comparison matrix for the human genes REV3L and ABCB3 is presented in Figure 2 . In this figure, the exon-intron structure of ABCB3 is presented in the horizontal direction, and the structure of REV3L is presented in the vertical direction. The values in the resulting matrix indicate the degree of similarity between any two elements (the quotient of the shorter element/longer element). The highlighted twoelement diagonal is a common exon-intron size pattern shared by these two genes. Both genes have an exon 115 nt in length. In ABCB3, the adjacent intron is 1763 nt long, which is 99% of the length of the corresponding 1777 nt intron in REV3L. This approach allowed us to discover common patterns at different positions in numerous genes. For the purposes of this initial study, we not only required a 99% similarity in the length of exons or introns, we further required that a common pattern fall on an exon or intron boundary in both genes (even-even, odd-odd). In this way, exons were aligned to exons and introns aligned to introns. The patterns that matched at 99% stringency but did not match exons to exons and introns to introns were not included in this study. For the purposes of the present study, we restricted our analysis to conserved patterns that occurred in at least three different genes. These requirements excluded many interesting patterns but also ensured that the remaining ones were genuine and potentially biologically significant. The statistical significance of the exon-intron associations of the patterns that met the criteria described above was tested by Fisher's exact method. Figure 3 presents the 2 × 2 table based on the most common pattern (Table 3 , Pattern 4) detected among the genes listed in Table 1 . As shown in Figure 3 , we found four instances among the 72 genes in which an exon of 115 nt (±1%) was followed by an intron of 1777 nt (±1%). There were 13 other instances in which a 115 nt exon was followed by an intron of some other size. Likewise, we found 29 occurrences of a 1777 nt intron preceded by an exon that was not 115 nt (±1%). Among the 72 genes, there were a total of 17 exons of 115 nt length and 33 introns of 1777 nt length. There was a total of 1133 exon-intron pairs among the 72 genes. Of the 33 introns of length 1777, less than one would be expected to be preceded by an exon of 115 nt. The p-value of 1.1 × 10 −3 confirms that the pairing of the 115 nt exon with the 1777 nt intron occurs more often than expected from random pairings of exons and introns. All 10 patterns in Table 3 were analyzed in the same manner.
RESULTS
More than 200 patterns of length 2 or greater at 99% stringency were found among the 72 genes in Table 1 . We also discovered nine exon-intron pairs that were shared by three genes and one exon-intron pair that was found in four genes. Four genes (REV3L, TOP1, ABCB3, TOP2B) shared the most Fisher's exact p-value for this exon-intron association = 1.1 × 10 −3 .
commonly observed pattern (designated REV3L-50, Table 2 ). REV3L-50 occurs at alternative exon 50 of the REV3L gene, alternative exon 8 of ABCB3, exon 23 of TOP1 and exon 18 of TOP2B. The pattern as originally observed in REV3L is also found in NQ01 and in ABCA1, although the length of the introns falls slightly outside the 99% similarity criteria. Similarly in Pattern 10 of Table 3 , the intron of GAPL at a length of 204 is 99% of the length of JAK3's intron (207 nt). JAK3's intron is 99% of the 210 nt intron of the MINK gene. Both MINK and GAPL have an intron that is within 1% of the corresponding intron in JAK3 but are at a slightly greater distance from each other (204 versus 210 nt). A BLAST search using the nucleotide sequence of alternative exon 50 (115 nt) of REV3L as input did not detect any of the other genes sharing this common exon-intron pattern. Likewise, a BLAST search using the nucleotide sequence of the accompanying intron (1777 nt) did not find any of the other genes in Table 2 . These results indicate that this exon-intron pattern is not a simple base sequence homology of a group of genes derived from a common ancestor but is a structural similarity. Table 3 presents 10 patterns (25 genes from the 72 examined) that are shared by at least three genes. The descriptions of the positions of the exons were taken directly from AceView. The existence of each discovered pattern in at least one transcript (isoform) was verified by a manual inspection of the tabular/graphical representations of the genes in AceView. Seven of the 10 patterns begin with exons of nearly identical length followed by introns of very similar length (±1%). In contrast, patterns 2, 7 and 8 consist of introns of similar length followed by exons of nearly identical length. These are identified by the ® following the intron length in Table 3 . All 10 exon-intron associations observed (Table 3) were determined to be significant by Fisher's exact method (p-values between 1 × 10 −3 and 1 × 10 −5 ).
DISCUSSION
Spliceosomal (nuclear) introns are found only in eukaryotic organisms. Various functions have been proposed for them.
It is well known that alternative splicing produces a variety of proteins from a single contiguous DNA sequence. In addition to the established function of specific, relatively short sequences within introns as promoter or enhancer elements, Mattick and Gagen (2001) have suggested that spliced-out introns may also serve to coordinate networks of genes in the development of complex organisms by serving as regulatory molecules. Barrette et al. (2001) proposed that introns allow maternal and paternal chromosome homologs to locate each other during meiotic synapses and therefore allow crossing over and recombination. The objective of this paper is to report our discovery of common exon-intron patterns (associations), as opposed to providing evidence to support a particular hypothesis of intron function.
In the patterns presented in Table 3 , both the exons and introns met the requirement of 99% similarity in length. As expected from previous studies, the size distribution of the exons is smaller than the distribution of the introns. In a sampling of 404 human genes, Deutsch and Long (1999) determined a mean exon length of 50.9 nt and an SD of 58.7 nt. They calculated a mean intron length of 3413.1 nt with a standard deviation of 6552.6 nt.
It is interesting to note that while the genes in Table 3 share common patterns, exon length alone does not determine the length of the adjacent intron. For example, pattern 8 consists of exons that are 157-159 bases in length associated with introns ranging in length from 2633 to 2660 bases, whereas in patterns 3 and 9, the exons (155-159 bases) are nearly identical to those of pattern 8, but the associated introns are much smaller (78-79 and 458-464 bases, respectively). This suggests that the length of introns is at least partially determined by the context in which the intron resides, rather than strictly predicted by the exon-intron size ratio.
The presence of exon-intron pairs of almost identical length but of dissimilar base sequence in numerous locations throughout the human genome supports the idea that introns are the result of the propagation of replicative transposons or retrotransposons as suggested by Roger et al. (1994) . If this is the case, they could be expected to maintain similar lengths, while diverging in their base sequence. This same argument predicts that copies of these mobile elements will be found at a relatively high frequency throughout the genome. In the present study, each of the exon-intron size patterns presented in Table 3 was found to have a close match in 4-5% of the 72 otherwise unrelated genes and chromosomal locations.
In conclusion, we have discovered exon-intron pairs (based on size) that are statistically associated (Fisher's exact method p-values range from 1 × 10 −3 to 1 × 10 −5 ) at various chromosome locations at a much higher frequency than would be expected from random pairings. Additional work will be required to determine if there are rules that govern exonintron size ratios or alternately whether we have observed the
